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ABSTRACT 
Commercial vanilla ice cream and other frozen desserts from the United States 
were analyzed for ice crystal length using low-temperature scanning electron microscopy 
(LT-SEM). Average ice crystal length was determined using multiple micrographs of 
each sample/product. Out of the products tested, 11 out of 15 samples had an average ice 
crystal length above the consumer sensory threshold limit of 55 µm. Products containing 
stabilizers tended to have smaller average ice crystal lengths than products without 
stabilizers. With a few exceptions, lower fat products tended to have larger ice crystals 
because there was less fat to stabilize the ice crystals. Four brands of frozen dessert were 
studied in detail: a super-premium ice cream (Brand P), a regular ice cream (Brand R), a 
dietary high protein ice cream (Brand D), and a non-dairy coconut-based frozen dessert 
(Brand ND). All brands were purchased from two separate supermarket supply chains 
(Store I and Store P) and analyzed for ice crystal size, weight loss/shrinkage, melting 
rate, texture, and sensory characteristics before and after being heat-shocked (HS). Brand 
P, R, and ND all had mean ice crystal sizes that were not significantly different when 
purchased from either Store I and Store P. The mean ice crystal size increased after HS 
for all brands except Brand ND. Brand D and Brand P had the highest melting rates, 
while Brand ND had a much lower melting rate than the other brands tested. Brand ND 
had a slight decrease in the average ice crystal size and had a decrease in peak 
force/hardness after HS, while all other brands had an increase in average ice crystal size 
and an increase in peak force/hardness after HS. Significance was determined using α = 
0.05 for all sensory data. The iciness attribute was found to be significantly affected by 
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both brand and HS and an increase in ice crystal size corresponded with an increase in 
iciness for most samples. The use of stabilizers and emulsifiers in the brands affected 
various melting characteristics. Additional research is needed on non-dairy frozen 
desserts and how their physical and sensorial properties are affected by heat-shock.  
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CHAPTER ONE 
LITERATURE REVIEW 
1.1 Introduction 
According to the International Dairy Foods Association, approximately 1.54 
billion gallons of frozen desserts including ice cream and similar products were produced 
in the United States in 2015, with regular ice cream being the highest consumed product 
in the category (IDFA, 2018). The legal definition of ice cream according to the FDA is 
“a food produced by freezing, while stirring, a pasteurized mix containing at least 10% 
milkfat, 20% total milk solids (TMS), safe and suitable sweeteners, and defined optional 
stabilizing, flavoring and dairy derived ingredients with a maximum overrun of 100%” 
(21 CFR 135.110).  The average American consumes more than 23 pounds of ice cream 
each year (Marshall et al., 2003), and vanilla accounts for nearly one-half of all ice cream 
sales in the United States (Bodyfelt et al., 1988). Ice cream is a complex emulsion system 
that consists of fat globules, ice crystals, and air cells dispersed in an unfrozen serum 
phase (Goff and Hartel, 2013). This complex system results in ice cream quality being 
dependent on various factors including ice crystal size, overrun, initial freezing 
temperature, and storage temperature (Park et al., 2015).  
1.2 Ice Cream Structure 
Ice cream consists of four major structural parts: serum, ice crystals, air cells, and 
fat globules and clusters. The serum phase consists of unfrozen water containing 
dissolved sugars, salts, and aqueous phase proteins and stabilizers. The serum forms the 
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lamella between the other structures (ice crystals, air, fat globules, etc.) (Goff and Hartel, 
2013). 
Ice crystals are formed at the beginning of the dynamic freezing process. 
Dynamic freezing refers to the rapid removal of heat through a scraped-surface freezer. 
The faster the ice cream is frozen, the smaller the ice crystals in the final product. The 
average ice crystal size is between 35 and 45 µm for hardened ice creams (Goff and 
Hartel, 2013). Consumers prefer smaller ice crystals (< 55 µm) because this gives ice 
cream a perceived smoother and less icy mouthfeel (Buyck et al., 2011). If a majority of 
crystals are larger than 55 µm, or if there are extremely large ice crystals (>100 µm), the 
ice cream is considered coarse and very icy (Marshall et al., 2003). A uniform 
distribution of small ice crystals is also critical for a smooth texture and mouthfeel upon 
consumption (Flores and Goff, 1999).  
Air cells impart the light texture characteristic of ice cream and are formed during 
dynamic freezing. Overrun is the amount of air incorporated into the ice cream and can 
be calculated by the formula: % overrun = (weight of ice cream mix-weight of ice 
cream)/(weight of ice cream). Overrun values can range from 25 to 150%. The mean air 
cell size in ice cream is between 20 and 25 µm (Goff and Hartel, 2013). 
Fat exists in ice cream mix as individual emulsion droplets with an average size of 
0.8 µm. Upon freezing and agitation, partial coalescence of the individual droplets 
occurs, and fat globule clusters are formed that vary in size from 5 µm to 80 µm (Goff 
and Hartel, 2013). 
 
 3 
1.3 Freezing Process 
Freezing of ice cream can be split into two different parts: dynamic freezing and 
static freezing. Dynamic freezing involves freezing the mix while agitating it to 
incorporate air and limit the size of ice crystals formed. The most important changes that 
occur during dynamic freezing include the formation of ice crystals, incorporation of air 
through the formation of small air cells, and destabilization and partial coalescence of the 
fat emulsion (Marshall et al., 2003). The dynamic freezing process starts by adding cold 
ice cream mix into the cylindrical freezer barrel, which is then chilled with a liquid 
refrigerant. The mixture is usually agitated at a speed between 150 and 200 rpm with a 
dasher, a mixing device with sharp blades that scrape frozen product from the inside 
walls of the cylindrical barrel (Marshall et al., 2003).  
Freezing or crystallization of water involves three parts: nucleation, crystal 
growth, and recrystallization. Nucleation is the formation of a minuscule crystalline 
lattice structure from solution and is probably the most important step to control the ice 
crystal size distribution during crystallization. Crystal growth is the subsequent growth 
from nuclei until a crystal in equilibrium is attained. Recrystallization is the 
reorganization of the crystalline structure to a lower energy state (Petzold and Aguilera, 
2009). Differences in the formation of ice crystals can occur due to the type of freezer 
used and the type and amount of ingredients used in the mix. Freezing conditions also 
affect the size and number of ice crystals formed. To achieve small ice crystals, residence 
time of ice cream in the freezer must be as low as possible, in order to minimize the 
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amount of time for crystal growth which occurs inside of the barrel (Marshall et al., 
2003). 
Occurring simultaneously with the formation of ice crystals, air is incorporated 
into the ice cream via the whipping from the dasher. Fat globules are also undergoing 
destabilization and partial coalescence, which helps stabilize the newly formed air 
bubbles. Dynamic freezing only partially freezes the product and approximately 33 to 
67% of the initial water in the ice cream mix is frozen upon exiting the freezer (Marshall 
et al., 2003). 
Static freezing is also referred to as hardening and occurs after dynamic freezing 
when the ice cream is placed in a special low-temperature environment to quickly finish 
freezing. The low-temperature environment is normally a blast freezer of some kind at     
-30 to -40°C. Hardening is accomplished when the packaged product reaches -18°C or 
lower, a point where over 80% of the water is frozen. Proper hardening is required to 
preserve the ice crystals formed during dynamic freezing. No new ice crystals are formed 
during hardening; rather, all additional ice formed appears as an increase in size of ice 
crystals already present. Ice crystal size increases approximately 30-40% during 
hardening and while some of this is due to an additional amount of water being frozen, it 
can also be due to recrystallization (Marshall et al., 2003). 
1.4 Recrystallization 
During storage, ice crystals are relatively unstable and can change in number, 
size, and distribution. This phenomenon is known as recrystallization and is especially 
important in the study of ice cream. Consumers prefer small ice crystals because it results 
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in a creamier and less icy texture (Petzold and Aguilera, 2009). There are multiple 
mechanisms of recrystallization, but the most relevant to ice cream are isomass, 
accretion, and migratory recrystallization. Recrystallization is ultimately due to the 
minimization of surface energy. Isomass recrystallization occurs when crystals gradually 
take on a spherical shape, which decreases the surface area of the ice crystals and thus the 
surface energy. Accretion is when two adjacent surfaces merge together, reducing the 
surface area and surface energy (Erickson and Hung, 1997). Migratory recrystallization is 
also known as Ostwald ripening and is the primary recrystallization mechanism during 
storage of ice cream (Flores and Goff, 1999). Ostwald ripening occurs when smaller ice 
crystals start to melt due to an increase in storage temperature and the free water from the 
melted ice crystals attaches to other crystals, creating larger ice crystals (Mercier et al., 
2016).  
From the time ice cream is made to the time it is consumed, the product 
experiences multiple temperature fluctuations. The term heat-shock refers to the exposure 
of ice cream to fluctuations in temperatures, especially ambient (room) temperatures, that 
cause recrystallization upon freezing (Tharp and Young, 2012). The industry standard for 
storing ice cream is currently -28.9°C (Buyck et al., 2011). It is widely accepted that 
below this temperature, no significant change in quality will occur. There are many 
places and times along the distribution chain where the temperature can be above the 
industry standard. This is when recrystallization is likely to occur. 
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1.5 Microscopy 
Electron microscopy refers to the production of magnified images using 
electrostatic or electromagnetic lenses and fast-moving electrons. A transmission electron 
microscope (TEM) looks directly at the internal structure of translucent specimens and is 
similar to the compound light microscope. A scanning electron microscope (SEM) is 
used to study the surface of materials. The SEM is the best instrument to study the 
microstructure of ice cream because ice crystals, fat globules, and air cells can be 
observed in their natural state. The basic principles of the SEM include an electron gun 
with energies up to 40 keV that is focused on the surface of the specimen and scanned 
across it in a “raster”, a pattern of parallel lines. Secondary electrons are emitted from the 
specimen, as well as reemission/reflection of high-energy backscattered electrons from 
the primary beam. This emitted electron current is then collected by a detector and 
converted to a voltage and amplified. The final image that appears on the computer 
screen is a result of thousands of spots of varying intensity that correspond to the 
topography on the face of the cathode ray tube (Watt, 1985). Sample preparation is key 
when using SEM on food products because water must be removed without destroying 
structural relationships and the specimen must be made conductive (Chabot et al., 1979). 
Examination of ice cream microstructure is complicated by its high water and fat 
content coupled with its highly temperature-dependent structure. Most samples are 
dehydrated or chemically fixed before being viewed under SEM. The high vacuum 
present in conventional SEM renders the ice cream samples unstable due to the 
volatilization of both fat and water. The structure of ice cream is dependent on the fat and 
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water so without those components, the resulting image would not be indicative of the 
structure of the product and therefore, ice cream cannot be viewed under normal SEM 
conditions. The solution to this problem is low-temperature scanning electron 
microscopy, or LT-SEM. LT-SEM stabilizes samples by quench-freezing them in liquid 
nitrogen slush (-196°C) and provides examination of intact biological material in a fully-
hydrated frozen state. The samples are stable because below -130°C the vapor pressure of 
the components nears zero and the ice recrystallization process is halted. LT-SEM allows 
for rapid physical fixation of the ice cream samples, which prevents structural collapse 
and allows the structure to be viewed in its frozen state (Caldwell et al., 1992a). 
1.6 Analysis of Frozen Desserts 
Producers perform chemical, physical, microbiological, and sensory analyses in 
order to ensure quality standards are met. Besides microscopic analysis (such as SEM), 
hardness and meltdown are two essential properties of frozen desserts. Hardness can be 
tested using a puncture probe placed on a texture analyzer. Hardness of the product is 
typically tested at the temperature at which dipping occurs. This allows researchers to 
accurately assess the product at the point most consumers will interact with it. Hardness 
is affected by melting point, total solids, overrun, and the amount/type of stabilizer used 
(Marshall et al., 2003). Meltdown of ice cream is defined as “the mass that drips from the 
product through a mesh screen as a function of time when the product is allowed to melt 
while being held at a selected temperature” (Bolliger et al., 2000). Meltdown refers to the 
melting of the ice and collapse of the fat-stabilized foam structure. With the addition of 
emulsifiers, shape retention is increased and speed of melting decreases (Goff and Hartel, 
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2013). The distribution of fat globules impacts the rate of meltdown when ice cream is 
exposed to temperatures above its freezing point (Marshall et al., 2003).  
 When analyzing the sensory properties of frozen desserts, it is important to start 
with a standard. In terms of ice cream, the ideal product is described as follows: 
“[It must] possess a typical, natural, fresh, clean, pleasant, and delicate flavor with 
a creamy and rich aftertaste. Flavor, sweetener, and dairy ingredients are in 
balance. The ideal body is sufficiently firm to give the sensation of abundant solid 
matter in the product, yet not so firm as to restrict easy dipping at the usual 
temperature. The product does not stick to the dipper or break apart when dipped. 
Texture of the ideal ice cream is velvety smooth and creamy. Neither ice crystals 
nor air cells are large enough to be detected by the tongue. The mouth is not 
coated with fat or any other substance on expectoration of the sample. The mouth 
remains comfortable with the low temperature when the product is eaten at a 
leisurely pace. The ice cream melts slowly into a liquid with the appearance of the 
original mix; has a natural color; any particulates, ripples or other inclusions are 
evenly and liberally distributed; and the bacterial count is low” (Marshall et al., 
2003). 
Expert sensory analysts should be thoroughly trained on the ideal standard before 
analyzing other products. It is also important to temper the ice cream to -18°C to -15°C 
(0°F to 5°F) before evaluating samples. Because ice cream and other frozen desserts are 
very temperature sensitive, it is essential that the product is evaluated in a certain order. 
Ice cream evaluation should start with examining the container and color of the product, 
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followed by sampling of the ice cream and judging the body, texture, and flavor 
characteristics. After sampling, the evaluator should also note the melting qualities of the 
product before finally recording the results (Bodyfelt et al., 1988). This must all be done 
in a timely manner to ensure that the product is sampled at the correct temperature.  
 As stated above, the ideal ice cream’s body and texture is smooth and moderately 
firm when eaten. Smoothness depends on the sizes of ice crystals, fat globules, casein 
micelles, and air cells suspended in the disperse phase of the product (Marshall et al., 
2003). Body is defined as the “quality of the whole as it applies to mouthfeel” and texture 
is the “quality of the parts that make up the whole.” The desired body in ice cream is 
“that which is firm, has substance (has some resistance), responds rapidly to dipping, and 
is not unduly cold when placed in the mouth” while the desired texture is “that which is 
fine, smooth, velvety, and carries the perception of creaminess and homogeneity 
throughout” (Bodyfelt et al., 1988). While there is a difference between body and texture, 
most individuals group these categories together. The common body and texture defects 
evaluated are crumbly, gummy, heavy, shrunken, weak, buttery, coarse/icy, fluffy, and 
sandy (Bodyfelt et al., 1988). Table 1.1 defines each of these attributes. 
Ice cream with ideal melting quality begins to show definite melting within 15 to 
20 minutes after being dipped and exposed to room temperature. The melted ice cream 
should resemble a homogenous fluid similar to unfrozen ice cream mix with little foam 
(Marshall et al., 2003). Attributes associated with melting quality are also defined in 
Table 1.1. 
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Table 1.1 Guide to Sensory Attributes for Ice Cream (adapted from Bodyfelt et al., 1988) 
Attribute Definition 
Overall Acceptability Overall acceptance of the sample 
Crumbly Brittle body that falls apart when dipped 
Gummy Sticky body that hangs together when 
dipped; associated with excessive use of 
stabilizers and certain corn sweeteners 
Heavy Doughy or pudding-like 
Shrunken Product withdrawn from the sides of the 
container; common in heat-shocked 
products 
Weak Low melting resistance, little resistance to 
compression, and a thin, milky meltdown 
Buttery Greasy mouthfeel 
Coarse/icy Grainy or icy mouthfeel and a feeling of 
unusual coldness within the mouth 
Flaky Tendency to fall apart when dipped; 
similar to crumbly body 
Fluffy Presence of large air cells and a general 
“openness” throughout the product 
Sandy Definite lack of smoothness and distinct 
form of grittiness; defect due to lactose 
crystals 
Does not melt Retains its original shape after it has been 
exposed to room temperature for a period 
in excess of 10 to 15 minutes 
Foamy Large air bubbles retain their shape and 
presence in the melting product 
Separates Definite separation of cream and other 
ingredients 
Wheying off Appearance of a bluish fluid leaking from 
the melting ice cream 
Watery Melts quickly 
 
1.7 Summary of Previous Research 
Ice cream has a complex physical structure that has not been studied extensively 
due to its sensitive frozen state. Caldwell et al.’s work “A low-temperate scanning 
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electron microscopy study of ice cream” (1992a,b) is a valuable resource in terms of 
understanding low-temperature scanning electron microscopy (LT-SEM) and its use in 
the study of ice cream. Part I describes the techniques best suited for the study of ice 
cream and the general microstructure of this frozen dessert. Part II discusses the influence 
of selected ingredients and processes on the microstructure of ice cream. In Part II, the 
experimenters introduced ice cream samples containing differing levels of polysaccharide 
stabilizer to temperature fluctuations from -25°C to -10°C every day for 24 weeks. The 
ice cream was then analyzed on the LT-SEM and evaluated by untrained panelists for 
sensory characteristics. It was found that the stabilized ice cream had a lower average ice 
crystal size and a higher number of smaller ice crystals than the non-stabilized ice cream. 
The sensory results showed that the heat-shocked unstabilized ice cream was ranked as 
the iciest sample. The heat-shocked stabilized ice cream and the non-heat-shocked 
unstabilized ice cream had rankings that were not significantly different from one 
another. The least icy sample was the non-heat-shocked stabilized ice cream (Caldwell et 
al., 1992b). 
 Buyck et al. (2011) and Park et al. (2015) tested the effect of different storage 
temperatures on the quality of ice cream. Buyck et al. (2011) evaluated the quality of ice 
cream stored at -45.6°C, -26.1°C, and -23.3°C for 39 weeks. The current industry 
standard for storing ice cream is -28.9°C. The study reported that there was an increase in 
ice crystal size observed between 19.5 and 39 weeks for all storage temperatures tested 
except -45.6°C. The researchers concluded that ice cream manufacturers could conserve 
energy by increasing the temperature of freezers from the industry standard -28.9°C to -
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26.1°C. The study also evaluated the quality of light- and full-fat ice cream after 
undergoing heat-shock. Light- and full-fat ice creams were heat-shocked by storing at        
-28.9°C for 35 weeks and then alternating between -23.3° and -12.2°C every 24 hours for 
4 weeks. The heat-shocked ice creams were evaluated at 2 and 4 weeks by observing the 
structure using LT-SEM and evaluation by a sensory panel. It was found that the ice 
crystal size increased for both light- and full-fat ice creams from 2 to 4 weeks when ice 
cream experienced heat-shock and that the heat-shocked ice cream scored worse on 
sensory evaluation than the non-heat-shocked ice cream (Buyck et al., 2011). 
Park et al. (2015) evaluated the quality of premium ice cream stored at -18°C,        
-30°C, -50°C, and -70°C for 52 weeks. Ice crystal size increased from 40.3 µm to 100.1 
µm after 52 weeks of storage at -18°C, while ice crystal size only slightly increased after 
52 weeks of storage at -50°C and -70°C. No significant quality differences were found 
after 52 weeks at -50°C and -70°C (Park et al., 2015). Another relevant study showed the 
rate of ice recrystallization is quite high at temperatures even around -5°C. According to 
Donhowe and Hartel (1996), ice cream held at -5°C for 5 days resulted in an increase of 
the mean ice crystal size from 45 µm to 110 µm, with the largest ice crystals growing 
more than 200 µm. Despite having multiple studies on what happens to ice cream when it 
is heat-shocked, there is little research on the effect of heat-shock on other frozen 
desserts. 
Warren and Hartel (2014) analyzed 18 commercially available vanilla ice creams 
from the United States for structural, compositional, and sensorial properties. Ice crystals 
were analyzed using a light microscope and the mean ice crystal size was 48.1 µm for the 
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samples tested. It was also found that sensorial iciness did not correlate with mean ice 
crystal size (Warren and Hartel, 2014). Warren and Hartel (2018) studied the effects of 
emulsifiers, overrun, and dasher speeds on ice cream microstructure and melting 
properties. An increase in shear stress, including increasing dasher speed and overrun, 
caused an increase in fat destabilization and a decrease in air cell size. These changes also 
significantly affected melting rate. Ice cream with a lower overrun and low fat 
destabilization had a higher melting rate than ice cream with high overrun and high fat 
destabilization (Warren and Hartel, 2018). 
Wildmoser et al. (2004) used oscillation thermo-rheometry to correlate the 
microstructure of ice cream with rheological properties important to consumers. Most 
relevant to this study was the finding that ice crystal microstructure determines the 
“scoopability” of ice cream at low temperatures (-20°C to -10°C). 
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CHAPTER TWO 
USE OF LOW-TEMPERATURE SCANNING ELECTRON MICROSCOPY (LT-SEM) 
IN A SURVEY OF RETAIL FROZEN DESSERTS 
2.1 Abstract 
Commercial vanilla ice cream and other frozen desserts from the United States 
were analyzed for ice crystal length using low-temperature scanning electron microscopy 
(LT-SEM). Average ice crystal length was determined using multiple micrographs of 
each sample/product and the Quartz program measurement tool. Of the products tested, 
11 out of 15 samples had an average ice crystal length above the consumer sensory 
threshold limit of 55 µm. The average ice crystal length for premium and regular ice 
cream was 65.11 and 58.40 µm, respectively, which are both higher than the average ice 
crystal length of 35-45 µm for hardened ice cream according to Goff and Hartel, 2013. 
The average ice crystal length for dietary ice cream was 71.89 µm and the average ice 
crystal length for the non-dairy frozen dessert category was 72.92 µm. The gelato sample 
had an average ice crystal length of 96.92 µm. Products containing stabilizers tended to 
have smaller average ice crystal lengths than products without stabilizers. With a few 
exceptions, lower fat products tended to have larger ice crystals because there was less fat 
to stabilize the ice crystals. Due to the extreme sensitivity of the samples, it was difficult 
to capture clear representative micrographs of all samples using the LT-SEM. For future 
research, multiple samples of each product should be analyzed using the LT-SEM in 
order to confirm the results of this study. Additional research is also needed on the 
microstructure of non-dairy frozen desserts. 
 17 
2.2 Introduction 
According to the International Dairy Foods Association, approximately 1.54 
billion gallons of frozen desserts including ice cream and similar products were produced 
in the United States in 2015, with regular ice cream being the highest consumed product 
in the category (IDFAb, 2018). The legal definition of ice cream according to the FDA is 
“a food produced by freezing, while stirring, a pasteurized mix containing at least 10% 
milkfat, 20% total milk solids (TMS), safe and suitable sweeteners, and defined optional 
stabilizing, flavoring and dairy derived ingredients with a maximum overrun of 100%” 
(21 CFR 135.110).  Ice cream is a complex system that consists of fat globules, ice 
crystals, and air cells dispersed in an unfrozen serum phase (Goff and Hartel, 2013).  
To study the microstructure of ice cream, scanning electron microscopy is used. 
Electron microscopy refers to the production of magnified images using electrostatic or 
electromagnetic lenses and fast-moving electrons. A scanning electron microscope 
(SEM) is used to study the outside of materials. The basic principles of the SEM include 
an electron gun with energies up to 40 keV that is focused on the surface of the specimen 
and scanned across it in a “raster” or pattern of parallel lines. Secondary electrons are 
emitted from the specimen, as well as reemission/reflection of high-energy backscattered 
electrons from the primary beam. This emitted electron current is then collected by a 
detector and converted to a voltage and amplified. The final image that appears on the 
computer screen is a result of thousands of spots of varying intensity that correspond to 
the topography on the face of the cathode ray tube (Watt, 1985). Sample preparation is 
key when using SEM on food products because water must be removed without 
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destroying structural relationships and the specimen must be made conductive (Chabot et 
al., 1979). 
Examination of ice cream microstructure is complicated by its high water and fat 
content coupled with its highly temperature-dependent structure. Most samples are 
dehydrated or chemically fixed before being viewed under SEM. The high vacuum 
present in conventional SEM renders the ice cream samples unstable due to the 
volatilization of both fat and water. The structure of ice cream is dependent on the fat and 
water so without those components, the structure would not be indicative of the actual 
product and therefore, ice cream cannot be viewed under normal SEM conditions. The 
solution to this problem is low-temperature scanning electron microscopy, or LT-SEM. 
LT-SEM stabilizes samples by quench-freezing them in liquid nitrogen slush (-196°C) 
and provides examination of intact biological material in a fully-hydrated frozen state. 
The samples are stable because below -130°C, the vapor pressure of the components 
nears zero and the ice recrystallization process is halted. LT-SEM allows for rapid 
physical fixation of the ice cream samples, which prevents structural collapse and allows 
the structure to be viewed in its frozen state (Caldwell et al., 1992a). 
The average ice crystal length is between 35 and 45 µm for hardened ice creams 
(Goff and Hartel, 2013). Consumers prefer smaller ice crystals (< 55 µm) because the ice 
cream is perceived to be smooth and less icy (Buyck et al., 2011). If a majority of crystals 
are larger than this, or there are extremely large ice crystals (>100 µm), the ice cream is 
considered coarse and very icy (Marshall et al., 2003). A uniform distribution of small ice 
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crystals is also critical for a smooth texture and mouthfeel upon consumption (Flores and 
Goff, 1999). 
2.3 Materials and Methods 
2.3.1 Sample Preparation 
15 brands of vanilla flavored ice cream and other frozen desserts were purchased 
from various grocery stores in the Clemson, South Carolina area and transported on dry 
ice to storage at Clemson University. Brand P1, P2, P3, and P4 are considered premium 
ice cream brands. Brand R1, R2, R3, R4, R5, and R6 are considered regular ice cream 
brands. Premium ice cream tends to “have low overrun and higher fat content than 
regular ice cream, and the manufacturer uses higher quality ingredients”, while the only 
requirement for regular ice cream is that it must meet overrun requirements for the 
federal ice cream standard (IDFA, 2018a). Brand D1 and D2 are considered dietary ice 
cream brands. Brand G1 was a gelato and Brand ND1 and ND2 were nondairy frozen 
dessert brands. A comparison of the nutrition facts can be found in Table 2.1. The 
samples were stored at -18°C until they were transported on dry ice to Clemson 
University Electron Microscopy Laboratory.   
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Table 2.1 A Comparison of the Nutrition Labels of Frozen Desserts Analyzed 
Brand 
Total 
Calories 
per 100g 
Total 
Fat 
per 
100 g 
Satur
ated 
Fat 
per 
100g 
Trans 
Fat 
per 
100g 
Chole
sterol 
per 
100g 
Sodi
um 
per 
100 
g 
Total 
Carboh
ydrate 
per 100 
g 
Diet
ary 
Fibe
r per 
100 
g 
Suga
rs 
per 
100 
g 
Prot
ein 
per 
100 
g 
P1 234 15 9 0.5 84 47 20 0 19 4 
P2 265 17 10 1 93 69 25 0 25 4 
P3 219 12 7 0 48 62 23 0 21 4 
P4 233 15 9 0 47 76 22 0 19 3 
R1 205 10 7 0 40 80 23 0 22 5 
R2 200 11 7 0 38 62 23 0 22 5 
R3 212 11 7 0 53 91 24 0 20 3 
R4 215 11 6 0 38 54 25 0 22 3 
R5 200 11 7 0 53 87 23 0 23 4 
R6 223 13 7 0 48 74 23 0 22 4 
D1 136 4 3 0 15 68 29 6 6 3 
D2 109 3 2 0 70 172 22 5 9 8 
G1 198 9 6 0 36 52 25 0 25 4 
ND1 141 7 7 0 0 12 24 8 15 1 
ND2 221 17 15 0 0 37 17 1 14 1 
 
2.3.2 Ice crystal size 
Ice crystal size and distribution was measured using a SU 6600 cold-stage 
variable pressure scanning electron microscope (SEM). The ice cream samples were 
transported on dry ice to the electron microscope research facility. Working on one 
sample at a time, the samples were quickly prepared using liquid nitrogen and a pre-
chilled razor was used to cut a small enough piece to fit in the holder (see Figure 2.1). 
The samples were tested in the SEM set at -25°C and 50 Pa. The increased pressure 
prevented the sublimation of ice crystals before the test was complete. The samples were 
placed in a special pre-chilled holder (see Figure 2.2) before being placed in the SEM 
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(see Figure 2.3). The maximum height of the sample was 5 mm. Using the Quartz 
program measurement tool, the lengths of ice crystals in each SEM micrograph were 
measured. 
 
Figure 2.1 Sample Preparation  
Razor blade 
Sample 
Sample holder 
Liquid nitrogen 
Chopping block 
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Figure 2.2 Cold-stage SEM Sample Holder 
 
 
Figure 2.3 Loading Stage 
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2.3.3 Statistical Analysis  
Statistical analysis was used to determine if ice crystal size (length) differed 
among brands. Side-by-side box plots were created to descriptively compare means, 
standard deviations, and distributions among brands. All statistical calculations were 
performed using JMP (SAS Inc.) and statistical significance was set at α = 0.05.  
 
2.4 Results and Discussion 
Each brand was analyzed using LT-SEM and several pictures were taken of the surface of 
the sample. Below are the most representative micrographs for each brand (see Figures 
2.4 – 2.18). Additional micrographs can be found in Appendix A. 
 
Figure 2.4 Micrograph 1 of Brand P1 (SU6600 15.0kV 21.4mm ×200 BSE 60 Pa) 
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Figure 2.5 Micrograph 1 of Brand P2 (SU6600 15.0kV 21.6mm ×200 BSE 60 Pa) 
 
 
Figure 2.6 Micrograph 1 of Brand P3 (SU6600 15.0kV 8.5mm ×180 BSE 30 Pa) 
 
 25 
 
Figure 2.7 Micrograph 1 of Brand P4 (SU6600 15.0kV 7.8mm ×300 BSE 30 Pa) 
 
 
Figure 2.8 Micrograph 1 of Brand R1 (SU6600 15.0kV 10.5mm ×110 BSE 30 Pa) 
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Figure 2.9 Micrograph 1 of Brand R2 (SU6600 15.0kV 9.4mm ×250 BSE 30 Pa) 
 
 
Figure 2.10 Micrograph 1 of Brand R3 (SU6600 15.0kV 15.1mm ×500 BSE 60 Pa) 
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Figure 2.11 Micrograph 1 of Brand R4 (SU6600 15.0kV 9.3mm ×400 BSE 30 Pa) 
 
 
Figure 2.12 Micrograph 1 of Brand R5 (SU6600 15.0kV 8.5mm ×350 BSE 30 Pa) 
 
 28 
 
Figure 2.13 Micrograph 1 of Brand R6 (SU6600 15.0kV 10.4mm ×300 BSE 30 Pa) 
 
 
Figure 2.14 Micrograph 1 of Brand D1 (SU6600 15.0kV 9.0mm ×450 BSE 30 Pa) 
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Figure 2.15 Micrograph 1 of Brand D2 (SU6600 15.0kV 11.2mm ×250 BSE 60 Pa) 
 
 
Figure 2.16 Micrograph 1 of Brand G1 (SU6600 15.0kV 8.5mm ×130 BSE 30 Pa) 
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Figure 2.17 Micrograph 1 of Brand ND1 (SU6600 15.0kV 22.0mm ×200 BSE 60 Pa) 
 
 
Figure 2.18 Micrograph 1 of Brand ND2 (SU6600 15.0kV 22.7mm ×200 BSE 60 Pa) 
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The length of the ice crystals was determined using the Quartz computer program. The 
data are summarized in Table 2.2.  
Table 2.2 Ice Crystal Size for Brands P1-ND2 
Brand Average (μm) Std. Deviation (μm) 
P1 49.60 14.72 
P2 45.79 10.65 
P3 79.58 22.76 
P4 85.46 19.99 
R1 71.43 26.30 
R2 57.34 11.10 
R3 35.91 4.61 
R4 55.51 17.49 
R5 73.75 14.48 
R6 56.43 12.41 
D1 40.27 12.81 
D2 103.51 45.99 
G1 96.92 26.90 
ND1 80.08 38.38 
ND2 65.76 7.26 
 
Table 2.3 Average Ice Crystal Size by Category Type 
Category Type Average Ice Crystal Size (μm) 
P (Premium) 65.11 
R (Regular) 58.40 
D (Dietary) 71.89 
G (Gelato) 96.92 
ND (Non-dairy) 72.92 
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The average ice crystal length for hardened ice cream is between 35 and 45 µm 
(Goff and Hartel, 2013). Table 2.3 shows the average ice crystal length of each category 
type. It was expected that premium ice cream would have a smaller average ice crystal 
length than regular ice cream because premium ice cream tends to be higher in fat and 
lower in overrun, both of which contribute to the formation of smaller ice crystals 
(Marshall et al., 2003). Consumers prefer smaller ice crystals because the ice cream is 
perceived to be smooth and less icy. Fifty-five µm is considered the sensory threshold 
range, which means that ice crystals greater than 55 µm can be detected by the consumer 
(Buyck et al., 2011). If a majority of crystals are larger than this or there are extremely 
large ice crystals (>100 µm), the ice cream is considered coarse and very icy (Marshall et 
al., 2003). Due to the extreme temperature sensitivity of frozen desserts, it was difficult to 
capture clear pictures of all samples. Therefore, some captured pictures are most likely 
not representative of the product but are due to limitations in technique. As the 
experiment progressed, the technique of the experimenter improved, and more 
representative pictures were captured. The higher average ice crystal lengths found in this 
experiment could also be due to temperature abuse that may have occurred transporting 
the samples to the facility where they were analyzed. These reasons could explain why 
the premium ice cream category had a higher overall average ice crystal length than the 
regular ice cream category. 
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Figure 2.19 Comparative Box Plot of Ice Crystal Size (Length) by Brand 
Figure 2.19 illustrates the distribution of each brand’s ice crystal sizes. Brands P1 
and P2 have similar averages (49.6 and 45.79 µm), while P3 and P4 have higher averages 
that were above the sensory threshold range (79.58 and 85.46 µm). Samples P1 and P2 
are nationally available premium ice creams, while P3 and P4 are locally available in the 
South Carolina area. These nationally available premium ice creams may have a more 
precise and controlled distribution chain, which could explain the differences in ice 
crystal length when compared to P3 and P4. It was also expected that P1 would have a 
smaller average ice crystal length than P2 because P1 contains stabilizers, which can help 
prevent recrystallization of the ice crystals (Caldwell et al., 1992b), while P2 does not 
contain any such ingredients. However, this was not seen in the micrographs captured. As 
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stated earlier, this may be due to limitations in technique. Instead, P1 and P2 had similar 
averages, both below the sensory threshold range for ice crystal length. P3 is made using 
a batch freezer, while all other samples tested were produced using a continuous freezer. 
Differences in the formation of ice crystals can occur due to the type of freezer used. To 
achieve small ice crystals, residence time of ice cream in the freezer must be as low as 
possible, because this minimizes the amount of time for crystal growth that can occur 
inside of the barrel (Marshall et al., 2003). Controlling ice crystal formation is much 
more difficult when making ice cream on a batch freezer because the residence time 
inside a batch freezer is normally longer than inside a continuous freezer. Freezer 
differences can include a higher shear force, causing increased destabilization of fat 
globules and the formation of smaller air cells (Warren and Hartel, 2018). Continuous 
freezers also have a lower draw temperature than batch freezers resulting in a greater 
percentage of the water being frozen in the continuous freezer before hardening. This 
would account for the higher average for P3 when compared to other premium ice creams 
such as P1 and P2.  
Out of the six regular ice cream brands analyzed, the average ice crystal lengths 
for R2, R4, and R6 were right around the sensory threshold range of 55 µm. Samples R1 
and R5 had average ice crystal lengths above 55 µm (71.43 and 73.75 µm, respectively), 
while R3 had an average ice crystal length well below the sensory threshold range (35.91 
µm). All six regular ice cream brands had very similar nutritional values (see Table 2.1). 
R1, R4, and R5 had high variabilities (i.e. ice crystals varied significantly in length to ice 
crystals in the same sample) while R3 had a very small variability. Sample R5 also had a 
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significant outlier, raising the average ice crystal length for R5. Overall, the average ice 
crystal length of regular ice cream compared to premium ice cream was not substantially 
different. True differences in the distribution of ice crystals (i.e. not due to flaws in SEM 
technique) are mostly due to the type of freezer used and the type and amount of 
ingredients used in the mix (Marshall et al., 2003).  
Samples D1 and D2 contained approximately half as many calories and 
significantly lower fat than the regular and premium ice cream brands. It was expected 
that the dietary ice creams would have larger ice crystals because there is less fat to 
stabilize the ice crystals. The distribution and amount of fat globules impact the rate of 
meltdown when ice cream is exposed to temperatures above its freezing point (Marshall 
et al., 2003). This was observed in D2, which had an average ice crystal length of 103.51 
µm. This average was well above the sensory threshold range, meaning the ice cream 
would most likely be rated by consumers as very coarse and icy. Sample D2 had a very 
high variability, due to a significant outlier that also raised the average ice crystal length 
for D2. Sample D1 had an average ice crystal length well below the sensory threshold 
range. Warren and Hartel (2014) observed that nonfat ice cream products tended to have 
smaller ice crystals, likely due to the increased addition of stabilizers. This is also 
observed in D1, which contains a significantly higher amount of gums and stabilizers 
than D2. 
The average ice crystal length for G1 was 96.92 µm (well above the sensory 
threshold range) and the variability of ice crystal length was very high. Gelatos are 
typically lower in fat (4-8%) and overrun (25-60%) but higher in sugar (up to 25%) (Goff 
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and Hartel, 2013). Because there was no other gelato to compare G1’s results, it was not 
possible to know if this is representative of gelatos in general or to extrapolate these 
results to other gelatos.  
Samples ND1 and ND2 both had average ice crystal lengths greater than the 
sensory threshold range (80.08 and 65.76 µm, respectively). Both products were non-
dairy coconut-based frozen desserts, but they differed significantly in fat content with 
ND1 containing 7 g of fat per 100 g and ND2 containing 17 g of fat per 100 g. Lower fat 
frozen desserts tend to have larger ice crystals because there is less fat to stabilize the ice 
crystals (Marshall et al., 2003). This could explain why ND1 had a higher average ice 
crystal length than ND2. Very little research has been published on ice crystal 
distributions in dietary ice creams and non-dairy frozen desserts, which makes it difficult 
to compare the results found in this study to other similar results. The non-dairy frozen 
desserts analyzed had a slightly higher average ice crystal length than the premium and 
regular ice creams analyzed. This could be due to limitations in technique or the 
difference in formulation of the products. 
2.5 Conclusions 
From this survey of the market, it was evident that there is a wide range of 
products available in the frozen dessert category, each with a unique microstructure. Out 
of the products tested, 11 out of 15 samples had an average ice crystal length above the 
consumer sensory threshold limit. Due to the extreme sensitivity of the samples, it was 
difficult to capture clear representative micrographs of all samples using the LT-SEM. 
For future research, multiple samples of each product should be analyzed using the LT-
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SEM to confirm the results of this study. Products containing stabilizers tended to have 
smaller average ice crystal lengths than products without stabilizers. With a few 
exceptions, lower fat products tended to have larger ice crystals because there was less fat 
to stabilize the ice crystals. Both non-dairy products tested were coconut-based frozen 
desserts, with ND2 containing much higher fat than ND1 and thus a smaller average ice 
crystal length. Additional research is needed on the microstructure of non-dairy frozen 
desserts to see if the factors affecting ice crystal length in ice cream and coconut-based 
frozen desserts also applies to non-dairy type products such as soy-based, almond-based, 
and other nut-based frozen desserts. It is important to know if the same factors apply 
when doing product development of these new non-dairy frozen dessert products.  
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CHAPTER THREE 
EFFECT OF HEAT-SHOCK ON FROZEN DESSERTS FROM SEPARATE 
SUPERMARKET SUPPLY CHAINS  
3.1 Abstract 
Four brands of frozen dessert were studied in this experiment: a super-premium 
ice cream (Brand P), a regular ice cream (Brand R), a dietary high protein ice cream 
(Brand D), and a non-dairy coconut-based frozen dessert (Brand ND). All brands were 
purchased from two separate supermarket supply chains (Store I and Store P) and 
analyzed for ice crystal size, weight loss/shrinkage, melting rate, texture, and sensory 
characteristics before and after being heat-shocked (HS). Brand P, R, and ND all had 
mean ice crystal sizes that were not significantly different when purchased from either 
Store I and Store P. The mean ice crystal size increased from 60.10 µm before HS to 
74.80 µm after HS. The mean ice crystal size increased after HS for all brands except 
Brand ND. Brand D and Brand P had similar melting rates and had the highest melting 
rates. Brand R had a slightly lower melting rate than Brand D and Brand P, while Brand 
ND had a much lower melting rate than the other brands tested. No significant amount of 
weight loss or shrinkage was observed with any samples before or after HS. Brand ND 
had a slight decrease in the average ice crystal size and had a decrease in peak 
force/hardness after HS, while all other brands had an increase in average ice crystal size 
and an increase in peak force/hardness after HS. Significance was determined using α = 
0.05 for all sensory data. The fixed effects most notable to this experiment were heat-
shock (HS), brand, and HS-Brand (interaction between HS and brand). The iciness 
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attribute was found to be significantly affected by both brand and HS and an increase in 
ice crystal size corresponded with an increase in iciness for most samples. In terms of 
taste preference, Brand P was the most liked and Brand D was the least liked. The use of 
stabilizers and emulsifiers in the brands affected various melting characteristics. 
Additional research is needed on non-dairy frozen desserts and how their physical and 
sensorial properties are affected by heat-shock.  
3.2 Introduction 
According to the International Dairy Foods Association, approximately 1.54 
billion gallons of frozen desserts including ice cream and similar products were produced 
in the United States in 2015, with regular ice cream being the highest consumed product 
in the category (IDFAb, 2018). Ice cream is a complex system that consists of fat 
globules, ice crystals, and air cells dispersed in an unfrozen serum phase (Goff and 
Hartel, 2013). This complex system results in ice cream quality being dependent on 
various factors including ice crystal size, overrun, initial freezing temperature, and 
storage temperature (Park et al., 2015). 
Ice crystals are formed at the beginning of the dynamic freezing process. The 
average ice crystal size is between 35 and 45 µm for hardened ice creams (Goff and 
Hartel, 2013). Consumers prefer smaller ice crystals (< 55 µm) because the ice cream is 
perceived to be smooth and less icy (Buyck et al., 2011). If a majority of crystals are 
larger than this or there are extremely large ice crystals (>100 µm), the ice cream is 
considered coarse and very icy (Marshall et al., 2003). A uniform distribution of small ice 
 41 
crystals is also critical for a smooth texture and mouthfeel upon consumption (Flores and 
Goff, 1999).  
During storage, ice crystals are relatively unstable and can change in number, 
size, and distribution. This phenomenon is known as recrystallization and is especially 
important in the study of ice cream. Consumers prefer small ice crystals because it results 
in a creamier and less icy texture (Petzold and Aguilera, 2009). Recrystallization is 
ultimately due to the minimization of surface energy. Migratory recrystallization is also 
known as Ostwald ripening and is the primary recrystallization mechanism during storage 
of ice cream (Flores and Goff, 1999). Ostwald ripening occurs when smaller ice crystals 
start to melt due to an increase in storage temperature and the free water from the melted 
ice crystals attaches to other crystals, creating larger ice crystals (Mercier et al., 2016).  
From the time ice cream is made to the time it is consumed, the product 
experiences multiple temperature fluctuations. The term heat-shock refers to the exposure 
of ice cream to fluctuations in temperatures, especially ambient (room) temperatures, that 
causes recrystallization (Tharp and Young, 2012). The industry standard for storing ice 
cream is currently -28.9°C (Buyck et al., 2011). It is widely accepted that below that 
temperature, no significant change in quality will occur. There are many places in the 
distribution chain where the temperature can be above the industry standard. This is when 
recrystallization is likely to occur. 
Ice cream manufacturers perform chemical, physical, microbiological, and 
sensory analyses to ensure quality standards are met. To study the microstructure of ice 
cream, scanning electron microscopy is used. Electron microscopy refers to the 
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production of magnified images using electrostatic or electromagnetic lenses and fast-
moving electrons (Watt, 1985). Low-temperature scanning electron microscopy, or LT-
SEM, must be used because the high vacuum present in conventional SEM renders the 
ice cream samples unstable due to the volatilization of both fat and water. LT-SEM 
stabilizes samples by quench-freezing them in liquid nitrogen slush (-196°C) which 
allows for rapid physical fixation of the ice cream samples, allowing the structure to be 
viewed in its frozen state (Caldwell et al., 1992a). 
Besides microscopic analysis (such as SEM), hardness and meltdown are two 
essential properties of frozen desserts. Hardness can be tested using a puncture probe 
placed on a texture analyzer. Meltdown of ice cream is defined as “the mass that drips 
from the product through a mesh screen as a function of time when the product is allowed 
to melt while being held at a selected temperature” (Bolliger et al., 2000).  
 When analyzing the sensory properties of frozen desserts, it is important to start 
with a standard. For ice cream, the ideal product is described as follows: 
“[It must] possess a typical, natural, fresh, clean, pleasant, and delicate flavor with 
a creamy and rich aftertaste. Flavor, sweetener and dairy ingredients are in 
balance. The ideal body is sufficiently firm to give the sensation of abundant solid 
matter in the product, yet not so firm as to restrict easy dipping at the usual 
temperature. The product does not stick to the dipper or break apart when dipped. 
Texture of the ideal ice cream is velvety smooth and creamy. Neither ice crystals 
nor air cells are large enough to be detected by the tongue. The mouth is not 
coated with fat or any other substance on expectoration of the sample. The mouth 
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remains comfortable with the low temperature when the product is eaten at a 
leisurely pace. The ice cream melts slowly into a liquid with the appearance of the 
original mix” (Marshall et al., 2003). 
Expert sensory analysts should be thoroughly trained on the ideal standard before 
analyzing other products. The common body and texture defects evaluated are crumbly, 
gummy, heavy, shrunken, weak, buttery, coarse/icy, fluffy, and sandy (Bodyfelt et al., 
1988).  
3.3 Materials and Methods 
3.3.1  Sample Preparation 
Four brands of frozen dessert were studied in this experiment: a super-premium 
ice cream (Brand P), a regular ice cream (Brand R), a dietary low-fat high-protein ice 
cream (Brand D), and a non-dairy coconut-based frozen dessert (Brand ND). Premium 
ice cream tends to “have low overrun and higher fat content than regular ice cream, and 
the manufacturer uses higher quality ingredients”, while the only requirement for regular 
ice cream is that it must meet overrun requirements for the federal ice cream standard 
(IDFA, 2018a). A comparison of nutritional labels can be seen in Table 3.1. Six pints of 
each of the four brands were bought from two separate grocery stores in the area. When 
possible, the pints with the same code dates were bought from the two separate stores and 
each code date was recorded. Because samples were purchased, formulation, processing 
conditions, and storage prior to purchase were limiting factors in this experiment. Each 
pint was labeled with an internal code and weighed before being randomly assigned a 
place in cardboard boxes that were then stored in a walk-in freezer set at -28.8°C. The 
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first letter of the code represented which store the sample was bought at (Store I or P), the 
second represented which replication the sample was from (1, 2, or 3), the third 
represented the brand (Brand D, Brand ND, Brand P, or Brand R) and the fourth 
represented which of the 6 pints in the set it was (1, 2, 3, 4, 5, or 6). Pints 1-3 were used 
for analysis before heat-shock and pints 4-6 were heat-shocked under the conditions 
detailed in the next section before being analyzed. For example, I2D3 represents the third 
pint of Brand D from Store I during Rep 2.  
Table 3.1 Nutritional Labels of Brands D, ND, P, and R 
Brand 
Total 
Calories 
per 100g 
Total 
Fat 
per 
100 g 
Satur
ated 
Fat 
per 
100g 
Trans 
Fat 
per 
100g 
Chole
sterol 
per 
100g 
Sodi
um 
per 
100 
g 
Total 
Carboh
ydrate 
per 100 
g 
Diet
ary 
Fibe
r per 
100 
g 
Suga
rs 
per 
100 
g 
Prot
ein 
per 
100 
g 
D 109 3 2 0 70 172 22 5 9 8 
ND 141 7 7 0 0 12 24 8 15 1 
P 265 17 10 1 93 69 25 0 25 4 
R 200 11 7 0 53 87 23 0 23 4 
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3.3.2 Frozen Storage 
The samples were stored at -28.8°C until heat-shocked or analyzed. Samples were 
heat-shocked by transferring them from the -28.8°C walk-in freezer to a -18°C freezer for 
24 hours and then placed in a pre-determined random order in a refrigerator set at 0°C 
until the internal temperature of all samples reached -6.6°C (20°F) (approximately 4 
hours). The internal temperature was measured using a thermocouple placed in the pint 
placed in the previously found warmest spot in the refrigerator to ensure that all samples 
reached at least -6.6°C before being transferred back to the -18°C freezer. Twenty-four 
hours later, the samples were heat-shocked again by placing them in the 0°C refrigerator 
until the internal temperature reached -6.6°C and were moved back to the -18°C freezer. 
After another 24 hours in the -18°C freezer, the samples were then transferred back to the 
-28.8°C walk-in freezer until analysis 10 days later. Table 3.2 includes a schedule of the 
experiment including when samples were bought, heat-shocked (HS), and analyzed. 
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Table 3.2 Schedule of Experiment 
Day 1 Day 2 Day 3  Day 4 Day 5 Day 6 Day 7  
Pick up 
samples 
for rep 1 
  SEM of 
rep 1 
samples  
Analysis of 
rep 1 
samples; rep 
1 samples 
moved to -
18°C freezer 
Rep 1 1st 
heat-shock 
(HS) 
Rep 1 2nd 
HS 
Rep 1 HS 
samples moved 
back to -
28.8°C walk-in 
freezer 
 
Pick up 
samples for rep 
2 
Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14 
  SEM of 
rep 2 
samples 
Analysis 
of rep 2 
samples; 
rep 2 
samples 
moved to 
-18°C 
freezer 
Rep 2 1st HS SEM of rep 
1 HS 
samples 
 
Rep 2 2nd 
HS 
Analysis of 
Rep 1 HS 
samples 
 
Rep 2 HS 
samples 
moved back 
to -28.8°C 
walk-in 
freezer 
 
Pick up 
samples for rep 
3 
Day 15 Day 16 Day 17 Day 18 Day 19 Day 20 Day 21 
  SEM of 
rep 3 
samples 
Analysis 
of rep 3 
samples; 
rep 3 
samples 
moved to 
-18°C 
freezer 
Rep 3 1st HS SEM of rep 
2 HS 
samples 
 
Rep 3 2nd 
HS 
Analysis of 
Rep 2 HS 
samples 
 
Rep 3 HS 
samples 
moved back 
to -28.8°C 
walk-in 
freezer 
 
 
Day 22 Day 23 Day 24 Day 25 Day 26 Day 27 Day 28 
        SEM of rep 
3 HS 
samples 
Analysis of 
Rep 3 HS 
samples 
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3.3.3 Ice Crystal Size 
Ice crystal size and distribution was measured using a SU 6600 cold-stage 
variable pressure scanning electron microscope (SEM). The ice cream samples were 
transported on dry ice to the Clemson University Electron Microscopy Laboratory. The 
samples were quickly prepared using liquid nitrogen and a pre-chilled razor blade to cut a 
small enough piece to fit in the holder (Figure 3.1). The samples were tested in the SEM 
set at -25°C and 50 Pa. The increased pressure prevented the sublimation of ice crystals 
before the test is complete. The samples were placed in a special pre-chilled holder (see 
Figure 3.2) before being placed in the SEM (see Figure 3.3). The maximum height of the 
sample was 5 mm. Using the Quartz program measurement tool, the lengths of ice 
crystals in each SEM micrograph were measured and can be seen directly on the pictures 
included in this paper. 
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Figure 3.1 Sample Preparation  
 
Razor blade 
Sample 
Sample holder 
Liquid nitrogen 
Chopping block 
 49 
 
Figure 3.2 Cold-stage SEM Sample Holder 
 
 
Figure 3.3 Loading Stage 
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3.3.4 Melting Rate 
Samples were moved from storage at -28.8°C to a -18°C freezer for 24 hours 
before beginning the melting analysis. The analysis occurred under ambient temperature 
(25°C) and humidity. Fifty-five grams of sample was weighed out before being placed on 
a mesh grid (10 × 10 mm) with a balance set up underneath. The initial temperatures of 
the samples were recorded. The sample dripped into a tray on a balance for weight 
determination. The weight of the dripped ice cream was recorded every 1 min. From this 
data, a melting curve was made, and the melting rate was determined using the slope of 
the main melting event (Park et al., 2015). Melting rate was determined once for each 
brand from each store prior to HS.  
3.3.5 Weight Loss/Shrinkage 
Weight loss was tested over the length of the study to determine if shrinkage of 
the samples occurred. The initial weight of all samples was recorded when they were 
purchased. The samples were weighed again before being analyzed for texture, sensory, 
and ice crystal structure. 
3.3.6 Texture Analysis  
The samples were tested using the TA.XTPlus Texture Analyzer under the 
conditions suggested by Texture Technologies Corporation for analysis of vanilla ice 
cream. The test was conducted with a load cell of 5 kg and a standard TA-42 knife blade 
with a 3 mm wide flat end, which was 68 mm wide and 72 mm deep. The test consisted 
of traveling 35 mm into the center of the ice cream container at a pre-test speed of 5.0 
mm/second; a test speed of 3.0 mm/second; a post-test speed of 5.0 mm/second; and with 
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the surface detection feature set to 20 grams of force. All samples of ice cream were 
tested within 30 seconds of removal from the freezer and the temperature of each was 
recorded before testing occurred (Texture Technologies Corp., 2018). 
3.3.7 Sensory Analysis 
An 8-member trained sensory panel was used to evaluate 3-digit randomly coded 
samples for body/texture (Patel et al., 2006). The frozen samples were tempered to the 
same temperature (-18°C) for 24 hours before beginning sensory analysis. Six attributes 
were tested on a scale from 1 to 9 (1 = none and 9 = pronounced): vanilla intensity, 
iciness, crumbly texture, weak texture, gummy texture, and sandy texture. Taste 
preference, color preference, and overall appearance preference were also judged on a 
scale of 1 to 9 (1 = dislike extremely and 9 = like extremely). Color preference and 
overall appearance preference were evaluated under normal lighting conditions, while the 
other previously mentioned attributes were evaluated in sensory panel booths under red 
lighting to prevent color from influencing panelists’ decisions. Melting characteristics 
were also assessed by the trained panel under normal lighting conditions using evaluation 
techniques from The Sensory Evaluation of Dairy Products (Bodyfelt et al., 1988). Using 
equal sample sizes of 2 ounces, the samples were placed on clean Petri dishes and the 
panelists observed the samples at 0, 10, 15, and 20 minutes. The samples were evaluated 
on a scale from 0 to 3 (0 = no defect, 3 = pronounced) for the following melting 
characteristics: does not melt, foamy, separates, wheying off, and watery. Table 3.3 
defines each attribute that the sensory panel evaluated. Examples of the sensory forms 
used by the panelists can be found in Appendix B.  
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Table 3.3 Guide to Sensory Attributes for Ice Cream (adapted from Bodyfelt et al., 
1988) 
 
Attribute Definition 
Overall preference Overall preference of the sample 
Vanilla Intensity The amount of vanilla flavor detected by 
the consumer 
Iciness Grainy or coarse mouthfeel and a feeling 
of unusual coldness within the mouth 
Crumbly Brittle body that falls apart when dipped 
Weak Low melting resistance, little resistance to 
compression, and a thin, milky meltdown 
Gummy Sticky body that hangs together when 
dipped; associated with excessive use of 
stabilizers and certain corn sweeteners 
Sandy Definite lack of smoothness and distinct 
form of grittiness; defect due to lactose 
crystals 
Does not melt Retains its original shape after it has been 
exposed to room temperature for a period 
in excess of 10 to 15 minutes 
Foamy Large air bubbles retain their shape and 
presence in the melting product 
Separates Definite separation of cream and other 
ingredients 
Wheying off Appearance of a bluish fluid leaking from 
the melting ice cream 
Watery Melts quickly 
 
3.3.8 Statistical Analysis  
Statistical analysis was used to determine if ice crystal size and sensory attributes 
differed among stores, brand, and/or heat-shock. An analysis of variance was performed 
followed by Fisher’s protected least significant difference test. All statistical calculations 
were performed using JMP (SAS Inc.) and statistical significance was set at α = 0.05. 
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3.4 Results and Discussion 
3.4.1 Ice Crystal Size 
Representative micrographs of each brand and store before and after HS can be found in 
Appendix C.  
 
Figure 3.4 Average Ice Crystal Size by Brand and Store Before and After HS 
 
Table 3.4 Average Percent Change in Ice Crystal Size After HS by Brand 
Brand Average % 
Change in Ice 
Crystal Size 
after HS 
Brand D 32%12 
Brand ND -5% 
Brand P 29% 
Brand R 32% 
1Based on measurements (µm) from LT-SEM micrographs (n=6) 
2Calculated using the equation: (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑐𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑖𝑧𝑒 𝑎𝑓𝑡𝑒𝑟 𝐻𝑆−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑐𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑖𝑧𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝐻𝑆)
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑐𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑖𝑧𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝐻𝑆
× 100% 
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Table 3.5 Mean Ice Crystal Size (± Standard Deviation) by Brand and Store 
 Brand D Brand ND Brand P Brand R 
Store I  107.34 ± 8.39a,1,2 70.85 ± 8.39b 60.51 ± 8.39b 55.89 ± 8.39b 
Store P 61.03 ± 8.39b 65.25 ± 8.39b 55.20 ± 8.39b 63.50 ± 8.39b 
1Values in each row not having the same letter are significantly different (α = 0.05)  
2Based on measurements (µm) from LT-SEM micrographs (n=6) 
 
Table 3.6 Mean Ice Crystal Size (± Standard Deviation) Before and After HS 
 Mean Ice Crystal Size (± Standard Deviation) (µm) 
Before HS 60.10 ± 4.36a,1,2 
After HS 74.80 ± 4.36b 
1Values in each row not having the same letter are significantly different (α = 0.05) 
2Based on measurements (µm) from LT-SEM micrographs (n=12) 
 
The average ice crystal size for hardened ice cream is between 35 and 45 µm 
(Goff and Hartel, 2013). Fifty-five µm is considered the sensory threshold range, which 
means that ice crystals greater than 55 µm can be detected by the consumer (Buyck et al., 
2011). Due to the extreme temperature sensitivity of frozen desserts, it was difficult to 
capture clear pictures of all samples. Therefore, some captured pictures are most likely 
not representative of the product but are due to limitations in technique. As the 
experiment progressed, the technique of the experimenter improved, and more 
representative pictures were captured. The higher average ice crystal sizes found in this 
experiment could also be due to temperature abuse that may have occurred transporting 
the samples to the facility where they were analyzed.  
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Brand P, Brand R, and Brand D Store P before heat-shock (HS) had average ice 
crystal sizes right around the sensory threshold limit of 55 µm (Figure 3.4). Brand ND 
and Brand D Store I before HS had averages well above the sensory threshold. Brand P, 
R, and ND all had mean ice crystal sizes that were not significantly different from both 
Store I and Store P. Brand D Store I and Brand D Store P had mean ice crystal sizes that 
were significantly different (107.34 µm and 61.03 µm, respectively) (Table 3.5). Because 
the samples were purchased from two different stores and it was only possible to 
purchase what was available, it was not possible to purchase all pints with the same code 
dates for each brand and rep. The code dates were different for Brand D Store I and 
Brand D Store P for all three reps. This could account for the difference in average ice 
crystal size between Brand D Store I and Store P because different code dates would 
mean that the products were produced on different days during which processing 
conditions and even storage prior to purchase could differ. However, it is also possible 
that the difference was due to technique error because Brand ND’s code dates for Store I 
and Store P were also different for Rep 1 and Rep 2, and there was no significant 
difference between Brand ND Store I and Store P. Brand P and Brand R had the same 
code dates for both stores for all three reps.  
According to Donhowe et al. (1991) and Stampanoni Keoferli et al. (1996), an 
increase in fat is directly proportional to a decrease in ice crystal size because of the 
mechanical obstruction provided by fat. Their results were further confirmed by these 
findings. Table 3.1 shows that Brand P was the highest in fat, followed by Brand R, then 
Brand D, and finally Brand ND. This matches up with Brand P and Brand R having the 
 56 
smallest average ice crystal sizes, followed by brand D and ND. Statistically, Brands ND 
and D were significantly different from Brand R and Brand P. 
Table 3.6 shows that overall the mean ice crystal size increased from 60.10 µm 
before HS to 74.80 µm after HS, which was statistically significant with α = 0.05. 
Overall, the average ice crystal size after HS increased for all brands except Brand ND 
(Figure 3.4). The average percent change in ice crystal size (Table 3.4) were very similar 
for Brands D, P, and R (between 29% and 32%), while the percent change for Brand ND 
was negative. The increase in ice crystal size due to heat-shock and recrystallization has 
been well documented in various previous studies (Buyck et al., 2011; Donhowe and 
Hartel, 1996). Very little research has been done on non-dairy frozen desserts like Brand 
ND. Brand ND is a formulated product that contains an emulsion formed by pea protein, 
tapioca syrup, guar gum, and locust bean gum. Dairy-based products contain a natural 
emulsion with casein proteins (Marshall et al., 2003). The ingredients in Brand ND would 
behave differently in emulsions than casein, possibly binding more water. If more water 
is bound in the product, less is available to recrystallize and form larger ice crystals. This 
could explain why Brand ND does not have an increase in mean ice crystal size after HS. 
Further study needs to be completed to determine if Brand ND’s average ice crystal size 
staying relatively the same before and after HS is due to the coconut-based dessert’s 
properties or to some type of technique error. 
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3.4.2 Melting Rates
 
Figure 3.5 Melting Curves by Brand and Store 
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Table 3.7 Melting Rates by Brand and Store 
Brand Store Melting rate (g/min) 
Brand D Store I 1.681 
 
Store P 1.851 
Brand ND Store I 0.212 
 
Store P 0.261 
Brand P Store I 1.606 
 
Store P 1.767 
Brand R Store I 0.856 
 
Store P 0.799 
 
Meltdown or melting rate refers to the melting of ice and collapse of the fat-
stabilized foam structure in frozen desserts. With the addition of emulsifiers, shape 
retention is increased and speed of melting decreases (Goff and Hartel, 2013). The 
distribution of fat globules impacts the rate of meltdown when ice cream is exposed to 
temperatures above its freezing point (Marshall et al., 2003). Increasing emulsifier 
content causes an increase in fat destabilization. Melting rate according to Park et al. 
(2015) should be tested by placing the samples in an incubator at 25°C with a relative 
humidity of 55%. Because there was no access to this type of equipment, the analysis was 
performed at room temperature (measured as 24.4°C). Melting rate was determined once 
for each brand from each store due to time limitations. The initial temperature of each 
brand was slightly different due to a flaw in the freezer used to store the samples right 
before analysis. The temperature ranged from -17°C to -11°C. The temperatures for each 
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brand (Store I and Store P) were the same except for Brand D. The initial temperature for 
Brand D Store I was -17°C and Brand D Store P was -11°C. This could account for the 
increased time to start melting for Brand D Store I. However, melting rate is calculated 
based on the slope of the main melting event (Park et al., 2015), which is why Brand D 
Store I and Brand D Store P ended up with similar melting rates (see Table 3.7). The 
initial temperature should not largely affect the overall melting rate; it just may slow 
down the time it takes to get to the main melting event.  
Brand D and Brand P had similar melting rates and had the highest melting rates. 
Brand R had a slightly lower melting rate than Brand D and Brand P, while Brand ND 
had a much lower melting rate than the other brands tested. Ice cream with low overrun 
and low fat destabilization tend to have the highest melting rates (Warren and Hartel, 
2018), which is further confirmed by Brand P’s high melting rate. According to several 
studies (Guinard et al., 1997; Stampanoni Koeferli et al., 1996; Warren and Hartel, 2014), 
higher fat ice creams tend to have slower melting rates. This is not seen in the results of 
this experiment. In this case, the highest fat product (Brand P) had the fastest melting 
rate, followed by the lowest fat product (Brand D) having the next highest melting rate 
(Table 3.1 and 3.7). Brand P’s fast melting rate could be explained by the lack of 
stabilizers used in the product, making it more susceptible to melting when exposed to 
warmer temperatures.  
 It is also interesting to note that while Brand P and Brand D melted almost 
completely, Brand R and Brand ND did not completely melt after 70 minutes. Even when 
observed after 120 minutes, the amount melted has changed very little from the 70-
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minute mark. This is most likely due to the stabilizers used in Brand R and Brand ND. If 
air cells are not allowed to collapse due to the stabilizers holding them in place, the 
product will resist the natural force of gravity and melting (Goff and Hartel, 2013). Along 
with the use of stabilizers, Brand ND may not melt because one of its main ingredients, 
coconut oil, is solid at room temperature (Gunstone, 2011). 
3.4.3 Weight Loss/Shrinkage 
Table 3.8 Average Decrease in Weight After HS by Brand and Store (n=6) 
Brand Store Average Decrease in 
Weight after HS (%) 
Brand D Store I 0.24% 
 
Store P 0.23% 
Brand ND Store I 0.00% 
 
Store P 0.00% 
Brand P Store I 0.10% 
 
Store P 0.18% 
Brand R Store I 0.11% 
 
Store P 0.11% 
 
Shrinkage of ice cream is a result of a loss of discrete air bubbles. It is similar to 
ice recrystallization by the fact that these discrete air bubbles form larger channels during 
pressure fluctuations, similar to how smaller ice crystals form larger ones during 
temperature fluctuations. Fluctuations in temperature also affect shrinkage by allowing 
the supporting ice structure to collapse and thus causing the pressure on the air cells to 
change (Marshall et al., 2003). Table 3.8 shows the average percent decrease in weight 
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after heat-shock by brand and store, calculated by dividing the change in weight by the 
original (before HS) weight. Brand D had the highest average percent decrease in weight 
but was still not noteworthy. Though there were very little changes in weight, some of 
Brand D and Brand ND’s samples experienced shrinkage, or pulling away from the sides 
of the container, after being heat-shocked. This can be explained by the nutritional 
content of Brand D and Brand ND (see Table 3.1). Fat plays an important role in 
stabilizing the air cells (Goff and Hartel, 2013), and both Brand D and Brand ND are low 
in fat compared to Brand P and Brand R. Thus, Brand D and Brand ND are more prone to 
shrinkage than Brand P and Brand R. 
 
3.4.4 Texture Analysis 
 
Figure 3.6 Texture Analysis Graph for Rep 1 by Brand and Store 
(Temperature of samples at testing was -17 °C) 
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Figure 3.7 Texture Analysis Graph for Rep 2 by Brand and Store 
(Temperature of samples at testing was -10 °C) 
 
 
Figure 3.8 Texture Analysis Graph for Rep 3 by Brand and Store 
(Temperature of samples at testing was -15.5 °C) 
*Note: Brand ND Store I was not tested after testing Brand ND Store P and having the 
machine unable to determine the peak force because the sample was too hard 
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Figure 3.9 Texture Analysis Graph for Rep 1 after HS by Brand and Store 
(Temperature of samples at testing was -13 °C) 
 
 
 
Figure 3.10 Texture Analysis Graph for Rep 2 after HS by Brand and Store 
(Temperature of samples at testing was -10 °C) 
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Figure 3.11 Texture Analysis Graph for Rep 3 after HS by Brand and Store 
(Temperature of samples at testing was -17 °C) 
 Hardness can be tested using a puncture probe placed on a texture analyzer. 
Hardness of the product is typically tested at the temperature at which dipping occurs. 
This allows researchers to accurately assess the product at the point most consumers will 
interact with it. Hardness is affected by melting point, total solids, overrun, and the 
amount/type of stabilizer used (Marshall et al., 2003). Figures 3.6 through 3.11 show the 
results from the texture analysis performed for all three reps before and after HS. The 
texture analysis should have been completed at all the same temperature (-14°C). 
However, due to flaws in the freezer used to store samples directly prior to testing, the 
temperature at which the texture was analyzed ranged from -10°C to -17°C.  Colder than 
-13°C, Brand ND was too hard for the analyzer to accurately measure (see Figures 3.6 
and 3.8) and colder than -15.5°C, both Brand ND and Brand D were too hard to 
accurately measure (see Figures 3.6 and 3.11). Because this method of texture analysis 
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did not achieve consistent results on Brand ND, a future project could review and 
improve upon the method for future use on non-dairy frozen desserts. For Reps 1 and 3, 
Brand P required more force, and thus was harder, than Brand R. Brand P Store P also 
required much more force, and thus was harder, than Brand D Store I for Reps 1 and 3.  
Table 3.9 Peak Force for Rep 2 Before and After HS by Brand and Store  
Brand Store Peak Force 
before HS (g) 
Peak Force 
after HS (g) 
Brand D Store I 118.61 468.1 
 
Store P 196.9 788.9 
Brand ND Store I 3455 2939 
 
Store P 3217 1522 
Brand P Store I 178.5 1972 
 
Store P 318.7 1403 
Brand R Store I 778.2 950.2 
 
Store P 550.8 738.7 
1Temperature of samples at testing was -10 °C 
It seemed best to compare Rep 2 before HS (Figure 3.7) to Rep 2 after HS (Figure 
3.10) because they were analyzed at the same temperature (-10°C). As seen in Table 3.9, 
peak force increased for each brand and store after HS except for Brand ND. Brand ND 
was slightly less hard after HS than before HS. Brand P had a very large increase in 
hardness after HS compared to before HS. Rep 1 and Rep 3 followed the same overall 
pattern as Rep 2. The change in peak force/hardness after HS directly corresponded with 
the change in ice crystal size after HS. Brand ND had a slight decrease in the average ice 
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crystal size and had a decrease in peak force/hardness, while all other brands had an 
increase in average ice crystal size and an increase in peak force/hardness. An increase in 
ice crystal size could be related to an increase in peak force/hardness because the increase 
in ice would increase the resistance of the product.  
 
3.4.5 Sensory Analysis 
Fixed effects analyzed for flavor, body/texture, and melting characteristics 
include Rep, Store, HS, Brand, and a combination of these. Significance was determined 
using α = 0.05 for all sensory data. Several sensory attributes analyzed by the panelists 
were significantly different between some replications of the experiment. For the melting 
characteristics, this can be primarily explained by a misunderstanding by the participants 
of several terms used to describe the melting of frozen desserts. This was corrected by 
Rep 2 but may account for the significant difference in melting characteristic scores 
between replications. For the taste and body/texture characteristics, the significant 
difference between reps were all between Rep 1 and either Rep 2 or Rep 3. Therefore, 
technique of both the sampler and the sensory panelists that was perfected over time 
could explain the significant difference between replications. In future studies, additional 
replications should be done to eliminate the significance of this fixed effect.  
Store was a significant variable for only one attribute: crumbly. Store P had a 
significantly higher crumbly score (2.53) compared to Store I (2.19). This could be 
explained by reasons stated above when discussing the significant difference between 
reps. Store was not significant in any other body/texture attributes. 
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The fixed effects most notable to this experiment were heat-shock (HS), brand, 
and HS-Brand (interaction between HS and brand). The mean attribute scores (± standard 
deviation) are shown in the Tables 3.10-3.12. 
Table 3.10 Mean Attribute Score (± Standard Deviation) for Sensory Attributes by 
Brand 
 
Attribute Brand D Brand ND Brand P Brand R 
Vanilla Intensity 3.89 ± 0.299a,1,2 2.87 ± 0.299b 6.97 ± 0.299c 5.02 ± 0.299d 
Iciness 5.11 ± 0.452a 3.73 ± 0.452b 3.29 ± 0.452c 2.56 ± 0.452d 
Crumbly 2.75 ± 0.294b 3.72 ± 0.294a 1.46 ± 0.294c 1.51 ± 0.294c 
Weak 4.68 ± 0.307a 3.69 ± 0.306bc 3.45 ± 0.307bc 3.11 ± 0.307c 
Gummy 2.21 ± 0.261b 2.42 ± 0.261b 2.25 ± 0.261b 2.94 ± 0.261a 
Sandy 2.59 ± 0.255a 1.85 ± 0.255b 1.62 ± 0.255b 1.16 ± 0.256c 
1Values in each row not having the same letter are significantly different (α = 0.05) (n=6) 
2Based on a 9-point hedonic scale (0 = none, 9 = pronounced) 
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Table 3.11 Mean Attribute Score (± Standard Deviation) for Sensory Attributes 
Before and After HS 
 
Attribute Before HS After HS 
Vanilla Intensity 4.76 ± 0.283a,1,2 4.62 ± 0.283a 
Iciness 3.44 ± 0.441a 3.90 ± 0.441b 
Crumbly 2.33 ± 0.276a 2.39 ± 0.276a 
Weak 3.99 ± 0.280a 3.47 ± 0.281b 
Gummy 2.40 ± 0.240a 2.51 ± 0.240a 
Sandy 1.64 ± 0.246a 1.97 ± 0.246b 
1Values in each row not having the same letter are significantly different (α = 0.05) 
(n=12) 
2Based on a 9-point hedonic scale (0 = none, 9 = pronounced) 
 
Vanilla flavor intensity was affected by brand, with all four brands being 
significantly different from one another (Table 3.10). Brand ND had the lowest mean 
vanilla intensity score, while Brand P had the highest mean intensity score. This was 
expected due to the Brand ND having a coconut base, which has an inherently stronger 
coconut flavor making it more difficult to identify a vanilla flavor in the sample. Brand P 
was the premium ice cream, which tends to have higher flavor intensities than regular ice 
cream. Vanilla flavor intensity was not significantly different before and after HS (Table 
3.11), which was also expected because flavor should not be affected by an increase in 
ice crystal size. 
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Icy is the most frequently observed defect in ice cream and is associated with 
large ice crystals that are commonly the result of recrystallization due to the improper 
handling of the product (Marshall et al., 2003). The iciness attribute was found to be 
significantly affected by both brand and HS. Brand R had the lowest mean iciness score 
(2.56), followed by Brand P (3.29), and then Brand ND (3.73). Brand D had the highest 
mean iciness score (5.11) and all brands’ mean scores were significantly different from 
one another (Table 3.10). In a previous study, it was found that the removal of fat from 
ice cream tended to make the sample icier, which was observed in the low-fat ice cream 
(Brand D) analyzed in this experiment (Roland et al., 1999). Sensorial iciness increased 
from a mean score of 3.44 before HS to a score of 3.90 after HS (Table 3.11). This 
corresponded to the increase in mean ice crystal size from 60.10 µm before HS to 74.80 
µm after HS (Table 3.6).  
 
Figure 3.12 Iciness Attribute Scores Before and After HS by Brand 
(Based on a 9-point hedonic scale with 0 = none and 9 = pronounced) (n=3) 
 
 The HS-Brand fixed effect also proved significant on the iciness attribute with a 
p-value of <0.0001. Figure 3.12 illustrates each brand’s mean score before and after HS. 
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An increase in ice crystal size is associated with an icier texture (Marshall et al., 2003). 
Brand D had a significant increase in iciness after HS, which correlates with its 
significant increase in mean ice crystal size before and after HS (Figure 3.4). For Brand 
ND, P, and R, while the mean ice crystal size increased after being HS, the mean icy 
score did not significantly increase. This could be due to the higher fat content that could 
mask the larger ice crystals from being sensorially detected. Because Brand D does not 
have the same creamy mouthfeel as the other brands due to the lower fat content, this 
may have caused larger ice crystals to appear more noticeable to the participants. 
 
Crumbliness was affected by brand, with Brand D and ND being significantly 
different from each other and Brands P and R (Table 3.10). Brand ND had the highest 
mean crumbly score (3.72), followed by Brand D (2.75). The crumbly attribute can be 
caused by the “use of certain gums, inadequate stabilization, too high an overrun, and/or 
low total solids in the mix” (Bodyfelt et al., 1988). Brand ND contained multiple 
stabilizers to hold together the coconut-based frozen dessert, but it could have been 
insufficient, causing the sample to be crumbly. Brand D was low in fat and high in 
protein (Table 3.2), which makes it difficult to stabilize without the addition of gums and 
stabilizers. A previous study also found that the removal of fat from ice cream tended to 
make the texture more crumbly and icy (Roland et al., 1999), which was observed in this 
experiment with Brand D. HS and the HS-Brand interaction did not significantly affect 
crumbliness. 
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Figure 3.13 Weak Attribute Scores Before and After HS by Brand 
(Based on a 9-point hedonic scale with 0 = none and 9 = pronounced) (n=3) 
 
 As seen in Table 3.10, Brand R had the lowest mean attribute score for weak 
(3.11), which was not significantly different from Brand ND (score of 3.45). Brand ND 
was also not significantly different from Brand P (score of 3.69). Brand D had the highest 
mean attribute score for weak (4.68) and was significantly different from the other three 
brands. The attribute weak in frozen desserts is caused by low total solids and inadequate 
stabilizer use (Goff and Hartel, 2013). As mentioned previously, Brand D was low in fat 
and high in protein, making it difficult to stabilize and could explain why it has a higher 
mean weak score. There was a significant decrease in mean weak attribute score from 
3.99 before HS to 3.47 after HS (Table 3.11). The decrease in the mean score for weak 
could be related to the increase in ice crystal size found after HS (Table 3.6), which could 
translate to a less weak mouthfeel. The HS-Brand interaction was significant with a p-
value of 0.0016. Figure 3.13 illustrates the effect that the HS-Brand interaction has on the 
mean attribute score for weak. Brand P and Brand R displayed a significant decrease in 
mean weak score, which matched the overall trend shown in Table 3.11. Brand ND also 
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decreased in mean weak score but not significantly. However, Brand D increased in mean 
weak score after HS, which could possibly be explained by an interaction between the 
reduced amount of fat and the larger ice crystals. It will require additional research to 
determine if this is consistent with all dietary, low-fat ice creams.  
 
Figure 3.14 Gummy Attribute Scores Before and After HS by Brand 
(Based on a 9-point hedonic scale with 0 = none and 9 = pronounced) (n=3) 
 
 Brand R’s mean score for gummy was significantly different from the other three 
brands. Gummy is often associated with certain corn syrup sweeteners and/or excessive 
use of stabilizers (Bodyfelt et al., 1988). Brand R contained corn syrup as one of the main 
ingredients, which could cause this sample to feel gummy to the panelists. HS did not 
significantly affect gumminess. However, the HS-Brand interaction was significant with 
a p-value of 0.0081. Brand P before HS (score of 1.84) was significantly different from 
Brand P after HS (score of 2.65), and Brand D before HS (score of 2.50) was 
significantly different from Brand D after HS (score of 1.92) (Figure 3.14). It was very 
interesting that Brand P increased in mean score for gummy while Brand D decreased in 
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mean score after HS. While there was a statistical difference, the mean gummy scores 
were all very low on the 0-9 scale, which reduces the importance of these observations. 
 
Figure 3.15 Sandy Attribute Scores Before and After HS by Brand 
(Based on a 9-point hedonic scale with 0 = none and 9 = pronounced) (n=3) 
 
Brand D had the highest mean sandy score of 2.59, while R had the lowest mean 
sandy score at 1.16. Even though there were significant differences between some of the 
brands (Table 3.10), the highest mean sandy score was less than 3 on a scale of 0 to 9, 
with 0 being none and 9 being pronounced. Sandy is described as a definite lack of 
smoothness and a distinct grittiness. It is one of the most objectionable texture defects in 
frozen desserts and is caused by lactose crystals (Bodyfelt et al., 1988). Brand D’s high 
protein could have caused a slight grittiness that was described as sandy by the panelists. 
There was a statistically significant increase in mean sandy score from before HS (1.64) 
to after HS (1.97) (Table 3.11). As seen in Figure 3.15, the majority of the increase came 
from Brand D, which had a significant increase in mean sandy score from 1.97 before HS 
to 3.21 after HS. While there were statistically significant results, the mean sandy scores 
were all very low on the 0-9 scale, which reduces the importance of these findings.  
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Table 3.12 Mean Attribute Score (± Standard Deviation) for Preference by Brand 
Preference Brand D Brand ND Brand P Brand R 
Color Preference 4.19 ± 0.177a,1,2 5.07 ± 0.177b 5.38 ± 0.177b 5.79 ± 0.177c 
Overall Appearance 
Preference 
4.06 ± 0.186a 5.16 ± 0.186b 5.30 ± 0.186bc 5.67 ± 0.186c 
Taste Preference 2.56 ± 0.223a 3.14 ± 0.222b 6.55 ± 0.223c 5.09 ± 0.223d 
1Values in each row not having the same letter are significantly different (α = 0.05) 
(n=24) 
2Based on a 9-point hedonic scale (0 = dislike extremely, 5 = neither like nor dislike, 9 = 
like extremely) 
 
For color, overall appearance, and taste preference, there was a significant 
difference between brands but not between before and after HS. Color and overall 
appearance preference were judged under normal lighting conditions just prior to 
evaluating the melting characteristics of the samples. The ideal vanilla ice cream is 
supposed to be the “shade of color [which] reasonably resembles the natural color 
(carotene pigment) of cream and is neither too pale nor too vivid” (Bodyfelt et al., 1988). 
Brand R had the highest mean color preference score and was significantly different from 
the other three brand’s mean scores. Brand ND and Brand P had scores in the middle and 
were not significantly different from one another. Brand D had the lowest mean color 
preference score and was significantly different from the other three. Brand R had the 
highest mean overall appearance preference score and was significantly different from 
Brand ND and D. Brand ND and Brand P were not significantly different from one 
another. Brand D had the lowest mean overall appearance preference score and was 
significantly different from the other three.  
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Most color and overall appearance mean scores were in the “neither like nor 
dislike” range, indicating that no one brand stood out as extremely liked or disliked. The 
appearance preference scores and color preference scores roughly correlated for each 
brand. The highest scoring in terms of color preference scored the highest in terms of 
overall appearance preference (Brand R) and the lowest scoring for color was also the 
lowest scoring for overall appearance (Brand D). This indicates that color played a large 
role in the panelists’ preference of overall appearance.  
Each brand had significantly different mean taste preference scores when 
compared to one another. Brand P had the highest mean taste preference score at 6.55, 
followed by Brand R with a score of 5.09. Brand ND and D had lower mean taste 
preference scores (3.14 and 2.56, respectively). These results were expected because 
consumers tend to prefer premium ice creams over regular and dietary ice creams 
(Warren and Hartel, 2014). It was interesting to observe that Brand ND (a non-dairy 
frozen dessert) scored higher than Brand D (the dietary dairy-based ice cream) because 
there is very little published data comparing these two types of frozen desserts. 
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Figure 3.16 Pronounced “Does Not Melt” After 15 Minutes at Room Temperature 
 
 
Figure 3.17 Pronounced “Foamy” After 15 Minutes at Room Temperature 
 
 
Figure 3.18 Pronounced “Separates” After 15 Minutes at Room Temperature
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Figures 3.16-3.19 show examples of several samples with pronounced melting 
defects. At the 0 minute mark, most attributes should have been marked as 0 (no defect) 
on the scale from 0 to 3 because they had not yet started melting. There was some 
confusion about this among panelists during Rep 1 of the experiment but was cleared up 
by the beginning of Rep 2. The fixed effects most notable for the melting characteristics 
analysis were heat-shock (HS), brand, and HS-Brand (interaction between HS and brand). 
 
Figure 3.19 Change in Melting Characteristic “Does Not Melt” Over Time by Brand 
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced does not melt) (n=3) 
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Figure 3.20 Change in Melting Characteristic “Does Not Melt” Over Time Before 
and After HS  
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced does not melt) (n=3) 
 
Brand was statistically significant for the melting characteristic “does not melt” 
with Brand ND being statistically different from the other three brands at the 10, 15, and 
20 minute intervals (Figure 3.19). Figure 3.19 clearly shows that the Brand ND had a 
mean score for “does not melt” that increased over time and was significantly higher than 
the other brands. Brand ND did not melt because the base ingredient, coconut cream, is 
not liquid at room temperature (Gunstone, 2011). “Does not melt” was significantly 
different before and after HS at each time interval evaluated (Figure 3.20). The decrease 
in the mean “does not melt” score after HS could be explained by the change in 
temperature the stabilizers in the frozen desserts underwent during heat-shock. It is 
possible at the increased temperature the stabilizers holding the sample together could 
have become destabilized, allowing air bubbles to collapse and thus collapsing some of 
the structure. This structural collapse would then allow the sample to melt more easily 
(Goff and Hartel, 2013). There was no statistically significant interaction between HS and 
Brand.  
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Figure 3.21 Change in Melting Characteristic “Foamy” Over Time by Brand  
(Based on a 3-point hedonic scale with 0 = not foamy and 3 = pronounced foamy) (n=3) 
 
 
Figure 3.22 Change in Melting Characteristic “Foamy” Over Time Before and After 
HS  
(Based on a 3-point hedonic scale with 0 = not foamy and 3 = pronounced foamy) (n=3) 
 
 The melting characteristic “foamy” refers to large air bubbles (see Figure 3.17) 
and can normally only be observed after the sample is almost completely melted 
(Bodyfelt et al., 1988). Therefore, this discussion is focused on the 15 and 20 minute time 
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intervals only. All brands were significantly different at the 15 and 20 minute mark, with 
Brand D having the highest mean foamy score (Figure 3.21). The melting characteristic 
“foamy” is caused by high overrun along with improper formulation of protein and 
emulsifiers (Goff and Hartel, 2013). The mean foamy score also significantly increased 
from before HS to after HS at the 15 and 20 minute marks (Figure 3.22). The HS-Brand 
interaction was significant at 15 and 20 minutes with a p-value of <0.0001. Brand D after 
HS had a significantly higher mean foamy score than Brand D before HS at the 15 and 20 
minute mark. Brand R after HS also had a significantly higher mean foamy score than 
Brand R before HS at the 20 minute mark. Brand D’s unique formulation of added 
protein could explain the foamy meltdown observed in this experiment and undergoing 
HS could have exaggerated this effect. 
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Figure 3.23 Change in Melting Characteristic “Separates” Over Time by Brand  
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced separation) (n=3) 
 
The melting characteristic “separates” refers to the definite separation of cream 
and other ingredients. These “other ingredients” refer to vanilla bean specks in this 
experiment. Figure 3.18 shows an example of ice cream that would be scored pronounced 
(score of 3) for “separates”. In terms of appearance, Brand R and Brand ND appeared to 
have no vanilla bean specks, which results in Brand R and Brand ND having very low 
scores for “separates”. Brand P had the highest mean “separates” score and it increased 
over time until sharply decreasing at the 20 minute mark. This is most likely due to the 
complete meltdown of Brand P, during which the sample no longer seem separated but 
instead a homogenous puddle. Brand P does not contain stabilizers or emulsifiers that 
would allow for even melting. HS did not significantly affect the melting characteristic 
“separates”. 
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Figure 3.24 Change in Melting Characteristic “Wheying Off” Over Time Before and 
After HS  
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced wheying off) (n=3) 
 
There was no significant difference by brand for the melting characteristic 
“wheying off”. Whey separation or “wheying off” can be the result of a higher protein-in-
water concentration, certain adverse processing conditions, excessive agitation, and heat-
shock (Bodyfelt et al., 1988). The opposite effect was found in this experiment. The mean 
“wheying off” score had a statistically significant decrease from before HS to after HS at 
each time interval evaluated (Figure 3.24). However, while the results were statistically 
significant, the mean “wheying off” scores were all very low on the 0-3 scale, which 
could account for these findings. 
0
0.1
0.2
0 10 15 20
A
tt
ri
b
u
te
 S
co
re
Time (min)
Wheying off
No HS HS
83 
 
 
Figure 3.25 Change in Melting Characteristic “Watery” Over Time by Brand  
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced watery ) (n=3) 
 
 
Figure 3.26 Change in Melting Characteristic “Watery” Over Time Before and 
After HS  
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced watery) (n=3) 
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Figure 3.27 Change in Melting Characteristic “Watery” Over Time for Brand P and 
D Before and After HS 
(Based on a 3-point hedonic scale with 0 = no defect/melting normally and 3 = 
pronounced watery) (n=3) 
 
The melting characteristic “watery” refers to a quick meltdown and is the opposite 
of the melting characteristic “does not melt”. Ice cream should be melting after 15 
minutes of being exposed to room temperature but “watery” refers to ice cream that 
begins to melt almost immediately after being scooped. Higher fat ice cream tends to 
melt more slowly (Roland et al., 1999). This was observed in Brand D’s melting trend, 
which was low in fat and thus melting quickly (Figure 3.25). Brand P had a significantly 
higher mean watery score than the three other brands tested. This could be due to a lack 
of stabilizers, which prevent air cells from collapsing and thus slow melting, in the 
formulation of Brand P (Goff and Hartel, 2013). The mean watery score was significantly 
lower after HS than before HS at 10, 15, and 20 minutes (Figure 3.26). The HS-Brand 
interaction proved to be statistically significant at 10, 15, and 20 minutes and showed that 
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the decrease in mean watery score came primarily from Brand D and Brand P (Figure 
3.27). After HS, mean ice crystal size increased for both Brand P and Brand D (Figure 
3.4). Larger ice crystals take longer to melt, thus decreasing the mean watery scores after 
HS (Goff and Hartel, 2013).   
3.6 Conclusions 
The purpose of the experiment was to determine if store, brand, and HS affect the 
quality of frozen desserts. In terms of this study, it is evident that there are significant 
differences between the products tested in terms of ice crystal size, melting rate, texture, 
and sensory characteristics before and after being heat-shocked (HS). The store of 
purchase was not found to significantly impact melting rate or sensory analysis. It had 
some significance with ice crystal size and texture analysis. Brand D was the only brand 
with significantly different mean ice crystal size between stores. There was no other 
significant difference in mean ice crystal size between different brands or between stores. 
Brand D and Brand P had the highest melting rates, while Brand R had a slightly lower 
melting rate, and Brand ND had a much lower melting rate than the other brands tested. 
Heat-shock greatly affects many quality factors in frozen desserts. The mean ice crystal 
size increased from 60.10 µm before HS to 74.80 µm after HS. The mean ice crystal size 
increased after HS for all brands except Brand ND. The increase in mean ice crystal size 
after HS corresponded to an increase in peak force/hardness after HS for all brands 
except Brand ND. The ability to get consistent data using this method of texture analysis 
for ice cream needs to be reviewed and improved upon for future use on non-dairy frozen 
desserts. The iciness sensory attribute was found to be significantly affected by both 
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brand and HS and an increase in ice crystal size corresponded with an increase in iciness 
for most samples. Brand ND was unique in that after HS, mean ice crystal size decreased 
and peak force/hardness decreased. Brand ND is a formulated product that contains a 
unique emulsion formed by pea protein, tapioca syrup, guar gum, and locust bean gum. 
The ingredients in Brand ND would behave differently in emulsions than casein, possibly 
binding more water. If more water is bound in the product, less is available to 
recrystallize and form larger ice crystals. This could explain the reason Brand ND does 
not act like the other products after HS. Additional research is needed on non-dairy 
frozen desserts and how their physical and sensorial properties are affected by heat-
shock. Brand D was greatly affected by HS in terms of sensorial properties and it often 
responded opposite of the other samples. Brand D decreased in mean score for gummy 
after HS while the other brands increased. Brand D increased in mean weak score after 
HS, while the other brands decreased. It will require additional research to determine if 
these results can be replicated and if they are consistent with all dietary, low-fat ice 
creams.  
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Appendix A 
Additional SEM Micrographs for Survey of Retail Frozen Desserts 
 
 
Figure A-1: Micrograph 2 of Brand P1 (SU6600 15.0kV 21.5mm ×200 BSE 60 Pa) 
 
 
Figure A-2: Micrograph 3 of Brand P1 (SU6600 15.0kV 21.8mm ×400 BSE 60 Pa) 
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Figure A-3: Micrograph 2 of Brand P2 (SU6600 15.0kV 21.7mm ×450 BSE 60 Pa) 
 
 
Figure A-4: Micrograph 3 of Brand P2 (SU6600 15.0kV 21.7mm ×300 BSE 60 Pa) 
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Figure A-5: Micrograph 2 of Brand P3 (SU6600 15.0kV 8.2mm ×350 BSE 30 Pa) 
 
 
Figure A-6: Micrograph 3 of Brand P3 (SU6600 15.0kV 8.2mm ×300 BSE 30 Pa) 
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Figure A-7: Micrograph 2 of Brand P4 (SU6600 15.0kV 7.0mm ×220 BSE 30 Pa) 
 
 
Figure A-8: Micrograph 2 of Brand R1 (SU6600 15.0kV 10.4mm ×300 BSE 30 Pa) 
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Figure A-9: Micrograph 3 of Brand R1 (SU6600 15.0kV 10.1mm ×500 BSE 30 Pa) 
 
 
Figure A-10: Micrograph 2 of Brand R2 (SU6600 15.0kV 9.4mm ×250 BSE 30 Pa) 
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Figure A-11: Micrograph 2 of Brand R3 (SU6600 15.0kV 15.3mm ×150 BSE 60 Pa) 
 
 
Figure A-12: Micrograph 2 of Brand R4 (SU6600 15.0kV 8.2mm ×350 BSE 30 Pa) 
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Figure A-13: Micrograph 3 of Brand R4 (SU6600 15.0kV 7.2mm ×250 BSE 30 Pa) 
 
 
Figure A-14: Micrograph 2 of Brand R5 (SU6600 15.0kV 22.1mm ×200 BSE 60 Pa) 
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Figure A-15: Micrograph 2 of Brand R6 (SU6600 15.0kV 10.4mm ×700 BSE 30 Pa) 
 
 
Figure A-16: Micrograph 2 of Brand D1 (SU6600 15.0kV 8.1mm ×300 BSE 30 Pa) 
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Figure A-17: Micrograph 2 of Brand D2 (SU6600 15.0kV 23.4mm ×300 BSE 60 Pa) 
 
 
Figure A-18: Micrograph 3 of Brand D2 (SU6600 15.0kV 23.6mm ×600 BSE 60 Pa) 
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Figure A-19: Micrograph 2 of Brand G1 (SU6600 15.0kV 8.1mm ×300 BSE 30 Pa) 
 
 
Figure A-20: Micrograph 2 of Brand ND1 (SU6600 15.0kV 7.9mm ×300 BSE 30 Pa) 
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Figure A-21: Micrograph 3 of Brand ND1 (SU6600 15.0kV 8.5mm ×180 BSE 30 Pa) 
 
 
Figure A-22: Micrograph 2 of Brand ND2 (SU6600 15.0kV 22.7mm ×300 BSE 60 Pa) 
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Appendix B 
Sensory Evaluation Forms 
 
Figure B-1: Sensory Evaluation Form 1 
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Figure B-2: Sensory Evaluation Form 2 
 
 
Figure B-3: Sensory Evaluation Form 3 
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Figure B-4: Sensory Evaluation Form 4 
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Appendix C 
 
Additional SEM Micrographs for Brands D, ND, P, and R 
 
 
Figure C-1: Micrograph 1 of Brand D Store I (SU6600 15.0kV 8.8mm ×180 BSE 40 Pa) 
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Figure C-2: Micrograph 1 of Brand D Store P (SU6600 15.0kV 8.1mm ×350 BSE 30 Pa) 
 
 
Figure C-3: Micrograph 1 of Brand ND Store I (SU6600 15.0kV 8.5mm ×180 BSE 30 
Pa) 
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Figure C-4: Micrograph 1 of Brand ND Store P (SU6600 15.0kV 11.8mm ×250 BSE 30 
Pa) 
 
 
Figure C-5: Micrograph 1 of Brand P Store I (SU6600 15.0kV 7.1mm ×200 BSE 30 Pa) 
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Figure C-6: Micrograph 1 of Brand P Store I (SU6600 15.0kV 8.8mm ×350 BSE 30 Pa) 
 
 
Figure C-7: Micrograph 1 of Brand R Store I (SU6600 15.0kV 9.9mm ×350 BSE 30 Pa) 
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Figure C-8: Micrograph 1 of Brand R Store P (SU6600 15.0kV 8.5mm ×250 BSE 40 Pa) 
 
 
Figure C-9: Micrograph 1 of Brand D Store I HS (SU6600 15.0Kv 8.7mm ×200 BSE 40 
Pa) 
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Figure C-10: Micrograph 1 of Brand D Store P HS (SU6600 15.0kV 10.0mm ×180 BSE 
40 Pa) 
 
 
Figure C-11: Micrograph 1 of Brand ND Store I HS (SU6600 15.0kV 8.5mm ×350 BSE 
30 Pa) 
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Figure C-12: Micrograph 1 of Brand ND Store P HS (SU6600 15.0kV 8.8mm ×180 BSE  
40 Pa) 
  
 
Figure C-13: Micrograph 1 of Brand P Store I HS (SU6600 15.0kV 8.4mm ×250 BSE 40 
Pa) 
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Figure C-14: Micrograph 1 of Brand P Store I HS (SU6600 15.0kV 8.4mm ×250 BSE 40 
Pa) 
 
  
Figure C-15: Micrograph 1 of Brand R Store I HS (SU6600 15.0kV 6.6mm ×300 BSE 40 
Pa) 
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Figure C-16: Micrograph 1 of Brand R Store P HS (SU6600 15.0kV 8.6mm ×300 BSE 
40 Pa) 
 
 
 
 
 
